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6 Polymer Structure and Properties 

the theories of Staudinger on a firm experimental basis and led to the commercial develop- 
ment of neoprene rubber and polyamide (nylon) fibers. 11 

World War II led to significant advances in polymer chemistry, particularly with the de- 
velopment of synthetic rubber when the natural rubber-growing regions of the Far East be- 
came inaccessible to the Allies. Among the more significant developments of the postwar 
years was the discovery by Karl Ziegler 12 in Germany of new coordination catalysts for ini- 
tiating polymerization reactions and the application by Giulio Natta in Italy of these new sys- 
tems to development of polymers having controlled stereochemistry. 13 Their work has rev- 
olutionized the polymer industry, for these so-called stereoregular polymers have mechanical 
properties superior in most instances to those of nonstereoregular polymers. The importance 
of their discoveries was recognized by the award of the Nobel Prize in Chemistry jointly to 
Ziegler and Natta in 1963. Equally significant was the work of Paul Flory 14 (Nobel Prize 
1974), who established a quantitative basis for polymer behavior, whether it be the physical 
properties of macromolecules in solution or in bulk or such chemical phenomena as crosslink- 
ing and chain transfer (concepts to be encountered later in this text). 

More recent years have seen a number of important advances in polymer science, which 
will be elaborated on in this and later chapters. Examples include: 

Polymers having excellent thermal and oxidative stability, for use in high-performance 
aerospace applications 

Engineering plastics—polymers designed to replace metals 

High-strength aromatic fibers, some based on liquid crystal technology, for use in a va- 
riety of applications from tire cord to cables for anchoring oceanic oil-drilling platforms 
Nonflammable polymers, including some that emit a minimum of smoke or toxic fumes 
Degradable polymers, which not only help reduce the volume of unsightly plastics waste 
but also allow controlled release of drugs or agricultural chemicals 
Polymers for a broad spectrum of medical applications, from degradable sutures to ar- 
tificial organs 

Conducting polymers — polymers that exhibit electrical conductivities comparable to 

Polymers that serve as insoluble supports for catalysts or for automated protein or nu- 
cleic acid synthesis (Bruce Merrifield, who originated solid-phase protein synthesis, was 
awarded the Nobel Prize in Chemistry in 1984) 

This list, by no means exhaustive, clearly illustrates that polymer chemistry is an exciting 
field with almost limitless possibilities. 

1 .2 Definitions 

As already mentioned, the term polymer refers to large molecules — macromolecules — whose 
structure depends on the monomer or monomers used in their preparation. If only a few 
monomer units are joined together, the resulting low-molecular-weight polymer is called an 
oligomer (Greek oligos, "few"). The structural unit enclosed by brackets or parentheses is 
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referred to as the repealing unit (or monomelic unit). One might reasonably argue that the 
first repeating unit shown previously is -f-CH 2 4- rather than -{-CH 2 CH 2 -J-; however, it is 
more conventional to define repeating units in terms of monomer structure. The smallest pos- 
sible repeating unit (+CH 2 -3- in this instance) is referred to as the base unit. 

End groups are the structural units that terminate polymer chains. Where end groups are 
specified, they are shown outside the brackets, for example, 

CH 3 CH 2 4-CH 2 CH 2 -fCH=CH 2 
Some polymers are deliberately synthesized with reactive end groups for undergoing further 
reaction. Polymers containing reactive end groups are called telechelic polymers (from the 
Greek tele, far, and chele, claw). Related to telechelic polymers are the commercially im- 
portant reactive oligomers, which are oligomers containing end groups capable of undergo- 
ing polymerization, usually by heating, to form network polymers. 

Polymers formed by alkene addition reactions are called homochain polymers because 
the polymer chain, or backbone, as it is commonly called, consists of a single atom type — 
carbon — with other atoms or groups of atoms attached. Heterochain polymers such as poly- 
ethers or polyesters contain more than one atom type in the backbone. 

The degree of polymerization (DP) refers to the total number of structural units, including 
end groups, and hence is related to both chain length and molecular weight Consider, for ex- 
ample, the polymerization of vinyl acetate (an important industrial monomer) in reaction (1.5): 



J 2 =CH -FCH 2 — CHj- 
H 3 CO CH3CO 

o [ d J.., 



DP in this case is equivalent to n (note that two monomer units are at the chain ends), and 
the molecular weight of the macromolecule is the product of DP and the molecular weight 
of the structural unit. For a DP of 500, for example, 

Molecular weight = 500 X 86 = 43,000 

Because polymer chains within a given polymer sample are almost always of varying 
lengths (except for certain natural polymers like proteins), we normally refer to the average 
degree of polymerization (DP). 

A polymer prepared from a single monomer is called a homopolymer. If two or more 
monomers are employed, the product is a copolymer. In copolymers the monomeric units 
may be distributed randomly (random copolymer), in alternating fashion (alternating copoly- 
mer), or in blocks (block copolymer). A graft copolymer consists of one polymer branching 
from the backbone of the other. These various possibilities are illustrated schematically in 
Figure 1.1 for hypothetical monomers A and B. There are different kinds of block copoly- 
mers. Where blocks of A and B alternate in the backbone, the polymer is designated an 
-f-AB-J- multiblock copolymer. If the backbone consists of a single block of each, it is an 
AB diblock copolymer. Other possibilities include ABA (triblock: a central B block with ter- 
minal A blocks) and ABC (triblock: one each of three different blocks). As will be seen later, 
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A-A-A-A-A- Homopolymer 



-B- Random copolymer 



-A-B- Alternating copolymer 



-A-A-A-A-B-B-B-B- Block copolymer 



-A-A-A-A-A-A-A-A- Graft copolymer 

B-B-B-B-B-B- 
FIGURE I.I. Representations of homopolymer and copolymers. 



of the type shown in equation (1.4) may also be considered copolymers, since two monomers, 
dibasic acid and glycol, are employed in the synthesis. More commonly, however, the term 
copolymer is reserved for polymers having more than one kind of repeating unit— for ex- 
ample, a copolyester prepared from two different dibasic acids and a glycol. 

One can also describe polymers as linear, branched, and network (Figure 1.2). A linear 
polymer has no branching other than the pendant groups associated with the monomer. Graft 
copolymers, on the other hand, are examples of branched polymers. It should be stressed, 
however, that a branched polymer is not necessarily a graft copolymer. Low-density poly- 
ethylene (discussed later) is a common example of a branched homopolymer whereby chain 





tain pendant chains (which may or may not be of equal length) and are related struc- 
illy to graft copolymers. Such a polymer may be synthesized hy polymerizing a long- 
in vinyl monomer, or even by polymerizing an existing polymer (or oligomer) contain- 
a polymerizable double bond at the end of the chain (reaction 1.6). Such polymeric 01 



Ladder polymers are made up of recurring fused-ring structures, whereas semiladder or 
sup-ladder polymers have fused-ring sections interspersed with open-chain units. Poly- 
rotaxanes and polycatenanes 15-17 are examples of supramolecular assemblies — molecules 
linked intermolecularly by noncovalent bonding. The former consist of polymer chains (or 
polymer side chains) threaded through cyclic compounds, 18 while the latter are made up of 
interlocking rings. 19 Dendrimers, 20-22 also known as dendritic, Starburst (a Michigan 
Molecular Institute trademark), or cascade polymers, resemble star polymers except that each 
leg of the star exhibits repetitive branching in the manner of a tree (Greek dendron, tree). 
Certain extremely branched polymers, termed hyperbranched polymers, are related to den- 
drimers in that they exhibit dendritic branching, but the branches do not emanate from a cen- 
tral core, nor is the branching necessarily regular as it is in dendrimers. Dendrimers, hyper- 



M Polymer Structure and Properties 

branched polymers, and supraocular assemblies represent new and rapidly developing ar- 
"ohymer chemistry with potentially useful industry apphcations.* _» 

Network polymers are formed when linear or branched polymer chains are joined to 
g ete Cc*akn, bonds, a process called crosslinking. Vulcanization of rubber (drscussed 
SSSr 9) is « example of crossing. ^^^^XSSSi 
f^" 

ZsZL or rterm 0S a( To manufacture useful articles out of thermosetting ^polymers one 
mus f Somplish the crosslink^ reaction in place or temporarily disrupt *e crossing 
to allow J polymer to flow. — S^S^S^ 

is interesting -^1^^ 

ered one gigantic molecule it one can oeiieve umi <ui v 3 

^Polymers mat are not blinked (linear or branched) can usuaUy be dissolved £ 
vent andta most instances they will melt and flow. Such matenals are said to *>"*""*^ 
Polymers may also be categorized according to physical or mechanical properties or end 
use 1 %2™fibZ rubbers (elastomers), coatings, and adhesi.es. These classifications 
are discussed in Section 1.8. 

1 .3 Polymerization Processes 

Traditionally, polymers have been classified into two ^^^^TZ^r 
con^nsaUon 

tTm^^^^^ 
—tainfewe^^ 

type is complicated, however, by the fact that the polymer T^^J^^^ 
tter addition or condensation polymerization or by nng opening. Tne format™ of prfyethe 
from both ethylene oxide and ethylene glycol, described earlier, is one example. Other ex 
amples are shown in reactions (1.7M1-14): 

1. Polyester from lactone (1.7), and from o^hydroxycarboxyUc acid (1.8): 



[ °1 

II • -pO-K-C-f - ^ 
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